Leukocyte development requires the coordination of stage-specific transcription factors to help orchestrate the processes by which a progenitor cell emerges as a functional leukocyte. Indeed, aberrant expression or function of many of these transcription factors has been associated with several disease conditions, such as leukemia, lymphoma, autoimmunity, and chronic inflammation. Moreover, recent studies have indicated that Krüppel-like factors (KLFs) may be among those key trans-acting factors contributing to the orchestration of several aspects of leukocyte biology, including cell lineage commitment, differentiation, and function.
Introduction
Leukocyte development requires the coordination of stage-specific transcription factors to help orchestrate the processes by which a progenitor cell emerges as a functional leukocyte. Indeed, aberrant expression or function of many of these transcription factors has been associated with several disease conditions, such as leukemia, lymphoma, autoimmunity, and chronic inflammation. Moreover, recent studies have indicated that Krüppel-like factors (KLFs) may be among those key trans-acting factors contributing to the orchestration of several aspects of leukocyte biology, including cell lineage commitment, differentiation, and function.
The original Krüppel factor was characterized in Drosophila melanogaster as a "gap" segmentation gene, homozygous mutation of which resulted in the absence of thorax and anterior abdomen in embryos. [1] [2] [3] [4] Thus, the German researchers named this gene Krüppel (English "cripple"). A conserved family of nuclear proteins encoded by Drosophila Krüppel were identified in 1986 and exhibited a striking structural similarity to the DNA-binding "finger motif " of transcription factor IIIA. 5 The first mammalian gene with homology to Krüppel was identified in 1993, and its encoded protein was named erythroid Krüppel-like factor (EKLF) in accordance with its erythroid cell-specific expression. 6 The function of EKLF was demonstrated by the fact that EKLF bound to human and murine adult ␤-globin CACCC elements via its DNA-binding domain, whereas the non-DNA-binding domain mediated transcriptional activation. 7 The importance of EKLF in differentiation and development was later demonstrated by loss-offunction studies showing that homozygous EKLF Ϫ/Ϫ mice developed a fatal ␤-thalassemia during fetal liver erythropoiesis. 8, 9 To date, members of the mammalian KLF family number 17. 10 Identified by various experimental approaches, KLF1 (EKLF) through KLF17 have been termed according to their chronologic order of identification ( Figure 1 ). Each family member is a zinc finger transcription factor. The distinguishing feature of KLFs compared with other zinc finger-containing proteins, therefore, is the presence of a highly conserved DNA-binding domain composed of 3 C 2 H 2 zinc fingers at or near the C-terminus. [11] [12] [13] As such, most KLFs are able to bind the CACCC element and GC box consensus sequences. Furthermore, the KLFs share a highly conserved 7-residue sequence, TGEKP(Y/F)X, between zinc fingers. 14 The non-DNA-binding regions of each, however, are highly divergent and can function as trans-activation or trans-repression domains. Collectively, these features distinguish the KLFs from the larger family of zinc-finger transcription factors ( Figure 1A) .
By regulating gene transcription, KLFs are involved in many physiologic and pathologic processes, such as cell differentiation, proliferation, cell growth, and apoptosis during normal development or under different disease conditions ( Figure 1B) . 13, 15, 16 This review focuses on the transcriptional control of leukocyte cell biology by several of the KLF family members. We describe the action of several KLFs in the regulation of T cells, monocyte/ macrophages, granulocytes, and B cells and their involvement in homeostatic and disease states. The understanding of these processes will shed light on how leukocyte responses are transcriptionally controlled and will provide new targets for therapeutic manipulation.
KLF2
KLF2 (lung Krüppel-like factor) is expressed in lung, endothelial cells, and lymphocytes. [19] [20] [21] [22] [23] [24] KLF2 deficiency is embryonic lethal because of severe hemorrhage resulting from defects in blood vessel integrity. 19 In T-cell biology, KLF2 has been demonstrated to regulate T-cell properties of quiescence, survival, activation, and migration. 22, [25] [26] [27] [28] KLF2 was initially found in T cells to maintain the quiescent state of single-positive CD4 ϩ or CD8 ϩ T cells. 22, 25 KLF2 also inhibits Jurkat T-cell growth by inhibiting DNA synthesis. 29 Mechanistically, both activation and inhibitory domains of KLF2 are required to suppress Jurkat T-cell proliferation. In addition, KLF2 can enhance the promoter activity of the cell-cycle inhibitor p21 CIP by binding to a GC-rich, Sp1-3-binding site. 29 Given that KLF2 is rapidly extinguished after T-cell activation and it directly regulates IL-2 expression in the early stage of T-cell activation, KLF2 has been implicated in playing a role in T-cell activation. 22, 27, 30 For example, HMG-CoA reductase inhibitors (statins) diminished T-cell proliferation and interferon-␥ (IFN-␥) expression and are dependent, at least in part, on KLF2 expression; furthermore, forced overexpression of KLF2 in CD8 ϩ effector T cells ameliorated a mouse model of CD8 ϩ T cell-mediated myocarditis. 31 Moreover, KLF2 may exert effects on T-cell survival. In the absence of KLF2, mature and single-positive CD4 ϩ or CD8 ϩ T cells have been shown to exist in an active state and are prone to apoptosis. 22 In contrast to these findings, Carlson et al observed that KLF2 Ϫ/Ϫ thymocytes displayed an alternative phenotype, independent of cell apoptosis, and characterized by reduced expression of critical T-cell trafficking molecules, including the sphingosine-1-phosphate receptor (S1P 1 ), CD62L, and ␤7-integrin. 28 KLF2 can bind and transactivate the S1P 1 promoter, which is critically associated with thymocyte emigration and recirculation through peripheral organs. 28 Indeed, KLF2-deficient mice phenocopy S1P 1 mice and bear a profound lymphopenia in the periphery. 22, 28 Similar emigration defects were recently observed in KLF2-deficient ␥␦ T cells. 32 Although the emigration defects identified by Carlson et al 28 may appear in conflict with the T-cell apoptosis defects identified by Kuo et al, 22 variation in generation of model systems could potentially underlie differences observed: injection of KLF2 Ϫ/Ϫ ES cells into Rag-2 Ϫ/Ϫ blastocysts 22 versus adoptive transfer of embryonic day 12.5 fetal livers from KLF2 Ϫ/Ϫ donors into irradiated Rag2 Ϫ/Ϫ recipients. 28 Furthermore, earlier time points used for analyses may not be able to exclude long-term effects on T-cell activation or survival; thus, KLF2 may play dual 44, 100 and KLF13. 49, 50 The "zinc fingers" are represented by red boxes. The trans-activation domains are indicated by orange boxes, whereas the trans-repression domains are indicated by blue boxes. (B) Role of KLFs in regulating signaling pathways and transcriptional targets that affect leukocytes in health and disease. On activation by stimuli, such as the TCR, BCR, cytokines/growth factors, drugs (statins, rapamycin), or environmental pollutants (dioxin), the upstream cytoplasmic (eg, AKT/PI3K) or nuclear (eg, PU.1 or FOXO1) effector proteins transduce signals that can activate or inhibit nuclear KLFs. KLFs, in turn, induce or repress target genes (alone or in association with coactivators or corepressors) that affect leukocyte cell growth and differentiation, survival, activation, or homing and recruitment, ultimately affecting various disease states.
roles on T-cell emigration and survival. 28 Interestingly, environmental exposure to pollutants, such as dioxin, promote premature expression of KLF2 in the early stages of thymocyte cell development that precede acute cell loss and thymus atrophy, an effect that is dependent on the aryl hydrocarbon receptor. 33 Dioxin exposure alters the expression of several KLF2 target genes, including S1P 1 , ␤7-integrin, and cyclin-dependent kinase inhibitor 2D, which may underlie the dioxin-associated toxicity of the immune system. 33 In resting peripheral T cells, the FOXO1 transcription factor also controls T-cell homing by activating CD62L, in part, by binding to the KLF2 promoter and inducing KLF2 expression, 34 effects that are potentiated by the mTOR inhibitor, rapamycin, and reversed in response to T-cell receptor (TCR) activation. 35 Alternative roles for KLF2 in T-cell trafficking have been proposed. Sebzda et al demonstrated that KLF2-deficient CD4 ϩ T cells possessed increased proinflammatory chemokine receptors, such as CXCR3, CCR3, and CCR5. Up-regulation of these receptors would be expected to allow for KLF2-deficient T cells to egress from the thymus and enter nonlymphoid sites in response to inflammatory chemokines. 36 However, Weinreich et al proposed a different mechanism using conditional KLF2-deficient mice that were crossed with CD4-Cre mice. These mice demonstrated that KLF2-deficient CD4 ϩ T cells produce higher levels of IL-4, leading to the induction of the chemokine receptor CXCR3 on neighboring cells, including the CD8 ϩ T cells. 37 These findings suggest that KLF2 may possess both autonomous and nonautonomous effects on inducing chemokine receptor expression and highlight that KLF2 may be able to control bystander cell phenotypes, such as naive T cells. Finally, the upstream Ets transcription factor ELF4 is known to regulate the proliferation and homing of CD8 ϩ T cells, in part, by reducing expression of KLF2, CCR7, and CD62L, placing KLF2 within a transcriptional hierarchy regulating CD8 ϩ T-cell homeostasis. 38
KLF4
KLF4 (gut Krüppel-like factor) was initially identified in the epithelial lining of the gut and skin. 39 Indeed, KLF4 knockout mice exhibit abnormal epidermal differentiation and, as a consequence, die within hours after birth 40 ; in addition, KLF4 has been found to be essential for colonic goblet cell differentiation. 41 KLF4 has also been implicated as both a tumor suppressor and an oncogene. 42 In adult T-cell leukemia (ATL), Yasunaga et al demonstrated that the KLF4 promoter possesses dense DNA methylation, whereas in normal peripheral blood mononuclear cells (PBMCs) there was little methylation, suggesting that KLF4 methylation status may prognosticate disease severity. 43 Increasing methylation of KLF4 corresponded to carrier status and ATL onset. Moreover, treatment of cells with demethylating agents was able to rescue the expression of KLF4 transcripts. Forced overexpression of KLF4 induced apoptosis of these leukemic cells, 43 an effect that highlighted KLF4's role as a tumor suppressor in the context of ATL. KLF4 and p21 CIP expression was also found reduced in CD8 ϩ T cells deficient in the Ets transcription factor ELF4, an effect that promotes CD8 ϩ T-cell hyperproliferation. 38 Mechanistically, ELF4 directly targeted the KLF4 promoter, suggesting that KLF4 functions to maintain T-cell quiescence downstream of ELF4, possibly by activating p21 CIP in CD8 ϩ T cells. 38 
KLF10
KLF10 (transforming growth factor ␤ [TGF-␤]-inducible early gene 1 or Tieg1) was first identified by the Spelsberg laboratory in human osteoblasts and classified as a TGF-␤-responsive gene. 44 Indeed, gene targeting studies in mice revealed that KLF10 plays a critical role in osteoblast-mediated mineralization and osteoclast differentiation. 45 Emerging evidence has further unveiled novel roles for KLF10 in T-cell biology. 46, 47 It is well known that Tregs play a critical role in the maintenance of self-tolerance and immune suppression. Foxp3 has been considered a definitive marker for Tregs. Recently, Venuprasad et al showed that the E3 ubiquitin ligase Itch regulates the conjugation of ubiquitin to KLF10 and cooperates with KLF10 to regulate in vitro expression of Foxp3. 47 The authors also demonstrated that "TGF-␤ converted" Tregs from CD4 ϩ CD25 Ϫ T cells of KLF10 Ϫ/Ϫ mice failed to suppress airway inflammation in vivo. Recent studies by our laboratory also revealed distinct roles for KLF10 during Treg cell differentiation and function. 46 Specifically, CD4 ϩ CD25 Ϫ T cells overexpressing KLF10 induced both TGF-␤1 and Foxp3 expression, and decreased T-bet (Th1 lineage marker) and GATA3 (Th2 lineage marker) expression. Consistent with this finding, CD4 ϩ CD25 Ϫ T cells from KLF10 Ϫ/Ϫ mice showed hyperactivity characterized by enhanced In response to activation of TCR signaling, KLF2 expression is reduced, whereas the immunomodulatory drugs "statins" and rapamycin increase KLF2 expression. KLF2 is required for: (1) maintaining the quiescent state of single-positive CD4 ϩ or CD8 ϩ T cells; (2) induction of T-cell trafficking markers S1P1, CD62L, ␤7-integrin on thymic CD4 ϩ T cells to allow for egress into peripheral lymphoid tissues; and (3) expression of chemokine receptors, such as CCR3, CCR5, and CXCR3, by autonomously or nonautonomously regulating levels of IL-4 in CD8 ϩ T cells. The Ets transcription factor ELF activates KLF4 expression to negatively regulate naive CD8 ϩ T-cell proliferation and induces KLF2 to promote T-cell homing. In response to TGF-␤1, KLF10 expression is induced and promotes Treg cell differentiation by targeting both TGF-␤1 and Foxp3 as part of a positive feedback loop; in contrast, KLF10 inhibits Th1 and Th2-mediated pathways. KLF10 also promotes Treg cell suppressor function independent of Foxp3 by increasing the expression of TGF-␤1 in Tregs. Regulates T-cell trafficking by targeting S1P 1, CD62L, ␤7-integrin, and chemokine receptors through both autonomous and nonautonomous mechanisms.
27, 31, 33, 35-36
Overexpression in CD8 ϩ effector T cells mimics statins' anti-inflammatory effects and ameliorates CD8 ϩ T cell-mediated myocarditis.
30

KLF4
Expressed in CD8 ϩ T cells where it maintains T-cell quiescence downstream of Ets transcription factor ELF. 37
Regulates expression of p21 in CD8 ϩ T cells.
KLF4 promoter is densely methylated in PBMCs from patients with adult T-cell leukemia (ATL) compared with healthy controls. 42
Overexpression prevents ATL cell proliferation and induces apoptosis.
KLF10
Expressed highly in T regulatory cells than CD4 ϩ CD25 Ϫ T cells.
45, 46
Induced in response to TGF-␤1 and the Itch ubiquitin ligase.
Targets both TGF-␤1 and Foxp3 promoters to promote T reg cell differentiation as part of a positive feedback loop. 45
Promotes T reg cell suppressor function independent of Foxp3 by increasing the expression of TGF-␤1.
Inhibits Th1 and Th2 differentiation pathways. Increases T-cell survival by decreasing BCL-X L. 50
KLF5
Regulates lineage-specific germline TCR␤ expression. 53
Binds to GC-rich area of the TCR D␤1 promoter.
KLF6
Regulates iNOS promoter activity in Jurkat T cells. 55
Activated by hypoxia, heat shock, or serum starvation.
Monocyte/macrophage
KLF4
Robustly expressed in PBMCs and in a stage-specific manner during myelopoiesis. 61
Overexpression in CMPs or HSCs induces exclusive monocyte differentiation.
PU.1 binds to the KLF4 promoter.
High expression levels of KLF4 and c-Myc allows for prolonged self-renewal of differentiated macrophages deficient in MafB and c-Maf.
66
Promotes macrophage activation by: 1) inhibiting TGF-␤1 signaling via competition with Smad3 binding for p300/CBP; and 2) regulating expression of HMGB1, a non-histone DNA-binding nuclear protein that serves as a cytokine mediator.
60, 68
KLF4 Ϫ/Ϫ fetal liver transplant chimeric mice have nearly depleted circulating inflammatory macrophages in blood and tissues and reduced numbers of resident macrophages.
62
Induced by H 2O2 in PBMCs from patients with chronic myeloid leukemia.
69
KLF2
Reduced expression in response to LPS and in patients with coronary artery disease; expression increased by statins.
70, 71
Overexpression represses proinflammatory genes (eg, COX-2, CD40L, MCP-1).
Inhibits transcriptional activity of NF-B and AP-1 by recruitment of P/CAF. B cell-specific KLF4 Ϫ/Ϫ mice showed either:
(1) Modest decrease in pre-B cells in bone marrow and mature B cells in spleen; and (2) no differences in B cell development, function, or activation.
82
Expressed at low levels in human B cell lymphomas 83
Overexpression blocks transformation of pre-B cell by BCR-ABL and depletes leukemic pre-B cells in vivo. 84
Imatinib and KLF4 additively induce apoptosis in BCR-ABL transformed pro/pre-B cells.
KLF9 Expressed higher in naïve B cells than in memory B cells. 80
Overexpression reduces B cell proliferation in memory B cells and induces the naïve B cell phenotype.
KLF2
Expressed strongly after pre-BCR activation and in resting pre-B cells.
Overexpression increases survival of anti-IgM and anti-CD40 stimulated memory B cells. 81
Highly expressed in blood antibody-secreting cells (ASCs) along with S1P1, which can effect IgG plasma cell homing. 86
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and Th2 pathways, elaboration of high levels of Th1 and Th2 cytokines, and loss of suppression by wild-type (WT) Tregs. Importantly, CD4 ϩ CD25 ϩ Tregs from KLF10 Ϫ/Ϫ mice exhibited reduced suppressor function with decreased expression and secretion of TGF-␤1. Notably, KLF10 Ϫ/Ϫ CD4 ϩ CD25 ϩ Tregs have impaired suppressor function independent of Foxp3 expression, an effect that was able to be completely rescued by exogenous administration of TGF-␤1. Finally, adoptive transfer of KLF10 Ϫ/Ϫ CD4 ϩ CD25 Ϫ T cells in atherosclerotic-prone ApoE Ϫ/Ϫ /scid/scid mice accelerated atherosclerotic lesion formation, compared with transfer of WT CD4 ϩ CD25 Ϫ T cells. 46 Mechanistically, we demonstrated that KLF10 can transactivate both TGF-␤1 and Foxp3 promoters in response to TGF-␤1 exposure, ultimately promoting and maintaining Treg cell function. Indeed, KLF10 Ϫ/Ϫ mice possess reduced numbers of peripheral Tregs. 46, 47 Taken together, we have found that KLF10 is an important regulator of CD4 ϩ CD25 Ϫ T-cell activation, Treg cell differentiation, and Treg cell suppressor function 46 ; collectively, these effects are likely to be important not only to our understanding of atherosclerotic pathogenesis, but also that of other chronic inflammatory or autoimmune diseases. Interestingly, a genetic variant of KLF10 (in the 3ЈUTRϩ 1002 A Ͼ C) was modestly associated with type 2 diabetes patients, compared with normoglycemic, healthy controls. 48 
KLF13
In contrast to KLF2, KLF13 is induced in response to T-cell activation. KLF13, also known as RANTES Factor of Late Activated T Lymphocytes-1, was first identified through expression cloning as a transactivator for the chemokine RANTES, which promotes T-cell activation. It was determined that the intact CTCCC box on the RANTES promoter is necessary for RANTES Factor of Late Activated T Lymphocytes-1-mediated RANTES transcription. 49, 50 Recently, Zhou et al reported that KLF13 is able to increase RANTES expression and promote survival by decreasing BCL-X L expression. 51 Activated T lymphocytes in KLF13 Ϫ/Ϫ mice exhibited decreased RANTES expression. KLF13 Ϫ/Ϫ mice also presented increased lymphoid cells that were characterized by enlarged thymi and spleens, an effect that might be the result of decreased apoptosis. 51 KLF13 was found to transcriptionally regulate RANTES expression by recruiting a large trans-acting complex to the RANTES promoter composed of MAPK Nemo-like kinase, p300/CBP, PCAF, and the ATPase BRG-1. 52 In contrast, KLF13 has been shown to inhibit transcription of BCL-X L by deacetylating histones mediated by corepressors. 51 These findings suggest that KLF13 may play a dual role in inflammation by which it may enhance the immune response via inducement of leukocyte recruitment, including lymphocytes, monocytes, and eosinophils, and deactivating this response via apoptosis.
KLF5
KLF5 is also known as BTEB-2 or IKLF. Other than its roles in cardiovascular remodeling and angiogenesis, 53 KLF5 has been shown to be involved in modulating lineage-specific germline TCR-␤ expression. 54 At the TCR-␤ locus, the E␤ enhancer and the D␤1 promoter regulate germline transcription near the TCR D␤1 gene segment. KLF5 can bind to a GC-rich area of the D␤1 promoter to transactivate gene expression, whereas a dominantnegative KLF5 construct inhibited D␤1 promoter activity. Future in vivo studies are required to verify the roles of KLF5 in regulating TCR-␤ expression and in T-cell lineage development.
KLF6
KLF6 has been shown to regulate the expression of multiple genes and is associated with wound healing and suppression of tumorigenesis. 55 KLF6 was found to induce iNOS promoter activity in Jurkat T cells, primary T lymphocytes, and COS-7 cells under a variety of pathophysiologic conditions, such as hypoxia, heat shock, and serum starvation. 56 Nitric oxide (NO) production after iNOS activation is also involved in would healing and tissue repair. 57 Moreover, forced expression of iNOS and NO is known to have antitumor effects. 58 Taken together, it is possible that KLF6 transactivation of the iNOS promoter may explain, at least in part, the common biologic effects of KLF6 and NO. Additional studies involving KLF6-deficient mice will help validate the role of KLF6 in T cell-mediated NO production and its effects on tumorigenesis.
KLFs in monocyte/macrophage biology
Monocytes/macophages play crucial roles in both innate and adaptive immunity and are actively involved in the pathogenesis of acute (eg, sepsis) and chronic inflammatory diseases (eg, atherosclerosis, rheumatoid arthritis, and inflammatory bowel disease) and in cancer. 59, 60 KLF4, KLF2, KLF1, and KLF3 have been reported to be associated with monocyte/macrophage differentiation or activation ( Figure 3 ; Table 1 ).
KLF4
Recent studies by our group and others have demonstrated that KLF4 is a critical regulator of monocyte commitment, differentiation, and macrophage activation. [61] [62] [63] KLF4 is expressed in a monocyte-restricted and stage-specific pattern during myelopoiesis. 62 Forced expression of KLF4 in promyelocytic HL-60 cells confers the phenotype of mature monocytes characterized by highly induced expression of the myeloid markers, CD11b and CD14, and accompanied by monocytic morphologic changes. Moreover, clonogenic analyses of KLF4 overexpression in primary common myeloid progenitors (CMPs) or hematopoietic stem cells (HSCs) resulted in nearly exclusive monocyte differentiation ( Figure 3A-F) . Conversely, KLF4-deficiency inhibited monocyte, but increased granulocyte, differentiation from these progenitor cells. 62 Alder et al demonstrated that "KLF4Ϫ/Ϫ chimeras," generated by transplantation of KLF4 Ϫ/Ϫ fetal liver cells into lethally irradiated WT mice, experienced markedly impaired monocyte differentiation, as evidenced by reduced numbers of monocytic cells in bone marrow, resident monocytes (CD115 ϩ Gr1 Ϫ ) in spleen, and the near absence of circulating inflammatory monocytes (CD115 ϩ Gr1 ϩ ) in blood. 63 Mechanistic studies verified that intact KLF4 was able to markedly transactivate the monocytic-specific CD14 promoter by binding to KLF consensus sites. 62 Furthermore, KLF4 was identified as a downstream target gene of PU.1, 62 an important Ets transcription factor for specifying progenitor cell fate along several lineages, including macrophages, granulocytes, B and T cells, and NK cells. 64, 65 Collectively, these findings place KLF4 in a transcriptional hierarchy for specifying myeloid cell lineage fate along the monocyte pathway. In contrast, PU.1 may target the CCAAT enhancer-binding protein-␣ For personal use only. on April 4, 2017. by guest www.bloodjournal.org From (C/EBP␣) to regulate granulocytic pathway differentiation. 66 Finally, recent work by Aziz et al demonstrated that combined deficiency of MafB and c-Maf allowed for self-renewal of differentiated functional macrophages, an effect dependent on the induction of 2 pluripotent stem cell-inducing factors, KLF4 and c-Myc. 67 Indeed, combined overexpression of KLF4 and c-Myc enabled serial replating capacity to in vitro differentiated WT macrophages. MafB and c-Maf-deficient macrophages possessed higher expression levels of PU.1, 67 the myeloid activator of KLF4, 62 suggesting that KLF4 may participate as a downstream regulator of both macrophage differentiation and renewal. 
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BLOOD, 25 NOVEMBER 2010 ⅐ VOLUME 116, NUMBER 22 For personal use only. on April 4, 2017. by guest www.bloodjournal.org From KLF4 is not only associated with monocyte differentiation, but also macrophage activation. KLF4 can be markedly induced in macrophages by proinflammatory stimuli, including lipopolysaccharide (LPS), IFN-␥, and tumor necrosis factor-␣, and can be inhibited by the anti-inflammatory stimulus TGF-␤1. 61 Other studies have also demonstrated that KLF4 is an IFN-␥ target gene in carcinoma cell lines, an effect mediated by Stat1. 68 KLF4 overexpression in J774a macrophage cell line induced the macrophage activation marker, iNOS, and inhibited TGF-␤1 and Smad3 target gene plasminogen activator inhibitor-1. Conversely, KLF4 knockdown alleviated iNOS induction by IFN-␥ and/or LPS, whereas it enhanced the responsiveness to TGF-␤1 and Smad3 signaling. 61 Mechanistically, KLF4 can transactivate the iNOS promoter via KLF binding sites and interact with the nuclear factor-B (NF-B) family member p65. In contrast, KLF4 has been shown to inhibit TGF-␤1 and Smad3-mediated plasminogen activator inhibitor-1 induction by an antagonistic competition with Smad3 for the coactivator p300/CBP. 61 In the RAW264.7 macrophage cell line, KLF4 has also been demonstrated as capable of regulating the high-mobility group box 1 nonhistone DNA-binding nuclear protein that serves as a cytokine mediator of various systemic and local inflammatory disease states. 69 Finally, Alder et al demonstrated that "KLF4 Ϫ/Ϫ chimeras" were nearly devoid of circulating inflammatory monocytes (CD115 ϩ Gr1 ϩ ), 63 which underscore a critical role for KLF4 in both monocyte differentiation and activation. Future studies that explore overexpression or deficiency of KLF4 in a macrophage-specific manner will help further define the role of this particular KLF in specific monocytic populations in acute and chronic inflammation.
Oxidative stress is hypothesized to be a contributory factor to the success of chemotherapeutic treatment for leukemias. A recent study by Li et al demonstrated that in response to hydrogen peroxide, KLF4 expression is induced in PBMCs from patients with chronic myeloid leukemia. 70 Furthermore, overexpression of KLF4 in these PBMCs reduced cell growth and induced apoptosis, as evidenced by induction of bax and inhibition of bcl-2. In contrast, inhibition of KLF4 had the opposite effect, implicating KLF4 as an important potential regulator of chemotherapy-induced reactive oxygen species-mediated apoptosis.
KLF2
KLF4 and KLF2 are phylogenetically related KLF family members. [11] [12] [13] KLF2 is also expressed in monocytes; however, accumulating studies have revealed an anti-inflammatory role for KLF2 in these cells. 22, 71 Das et al demonstrated that KLF2 expression is reduced on LPS stimulation in the THP-1 monocyte-like cell line. 71 Moreover, KLF2 expression was reduced approximately 30% in PBMCs from patients with coronary artery disease, compared with age-matched healthy controls. Forced expression of KLF2 in the monocyte cell line J774a inhibited monocytic activation, characterized by attenuated proinflammatory gene expression, such as COX-2, CD40L, IL-1␤, tumor necrosis factor-␣, and MCP-1. In contrast, KLF2 knock-down led to enhanced gene expression of MCP-1 and COX-2. In mouse foot pads, overexpression of KLF2 inhibited carrageenan-induced inflammation. Mechanistic studies have revealed that KLF2 inhibited the transcriptional activity of both NF-B and AP-1, in part via the recruitment of the transcriptional coactivator p300/CBP-associated factor. 71 Moreover, it has been shown by Tuomisto et al that the HMG-CoA reductase inhibitor simvastatin exerts anti-inflammatory effects on macrophages specifically by increasing KLF2 expression. 72 Finally, macrophages from heterozygous KLF2-deficient/ApoE Ϫ/Ϫ mice showed increased lipid uptake and expression of the lipid chaperone ap2/FABP4, effects associated with increased atherosclerosis in these mice. 73 Collectively, these studies support the notion that KLF2 is also implicated in regulating macrophage activation.
KLF1 and KLF3
Until recently, KLF1 was thought to be expressed exclusively in red blood cells; however, a recent study by Luo et al has identified KLF1 expression in macrophages. 74 Furthermore, KLF1 was found to differentially modulate transcription of IL-12 p40. Given that IL-12p40 is an important factor in the activation of innate immunity and development of Th1 responses, KLF1 might play a functional role in inflammation. KLF3 (basic Krüppel-like factor) was the first KLF member identified as being expressed in myeloid cells. Interestingly, KLF3-deficient mice present with a myeloproliferative disorder. 75 The underlying mechanism for KLF3-mediated effects remains to be elucidated; however, reduced expression of the SHP-1 phosphatase gene in KLF3 Ϫ/Ϫ mice has indicated the possible involvement of related pathway(s). 75 
KLFs in granulocyte biology
Granulocytes possess both overlapping and complementary functional roles with macrophages in their orchestration of the innate and adaptive immune response. 59, 60 Accumulating studies have demonstrated that granulocytes and macrophages originate from common early bone marrow precursors called CMPs and granulocyte/macrophage progenitors. 76, 77 However, further differentiation and function into mature granulocytes involve the participation of a distinct set of transcription factors. There are only a few reports detailing the roles of KLFs in granulocyte biology. Forced overexpression of KLF4 in CMPs was found to promote near-exclusive monocyte differentiation, whereas KLF4-deficient CMPs displayed reduced monocytes and increased granulocytes in clonogenic assays. 62 These findings were also verified in the bipotential promyelocytic HL-60 cell line, in which forced overexpression of KLF4 blocked all-trans-retinoic acid granulocytic differentiation. 63 Thus, KLF4 may promote monocyte differentiation and actively inhibit granulocytic differentiation. Further studies will be required to elucidate the molecular mechanisms by which this occurs and to validate effects on granulopoiesis in vivo. For example, it will be of interest to examine whether KLF4 inhibits CCAAT enhancer binding protein (eg, C/EBP-⑀) expression or function important for terminal granulocyte differentiation ( Figure 3 ; Table 1 ).
KLFs in B cells
Differentiation of B cells into antibody-secreting cells (ASCs) is key to humoral immune response. Exposure of naive B cells to a foreign antigen activates B-lymphocytes and generates either plasma cells or memory B cells. plasma cells can secrete large quantities of neutralizing antibody, whereas memory B cells, which can be activated rapidly and persist over long periods of time, mediate the long-term immune response. 78 There are several transcription factors that are important in B-cell commitment and differentiation. For example, deletion of either Ikaros or PU.1 leads to an arrest of HSC differentiation into common lymphoid progenitors, an effect associated with the absence of B cell-specific markers. 64, 79 The transcription factors E box binding protein 2A, early B cell factor-1, and paired box5 are each necessary for the early commitment to the B-cell lineage. 79 Paired box5, in particular, has been implicated in the maintenance of B-cell identity. In contrast, the transcription factor FOXO1 plays critical roles at later stages of B-cell development, including the early pro-B, pre-B, and transitional B-cell compartments. 80 Accumulating studies have implicated KLF2, KLF4, and KLF9 in different stages of B cell development and function, as detailed below ( Figure 4 ; Table 1 ). 81, 82 KLF4 is expressed at low levels in pro-B cells and its expression increases as the cells mature into precursor (pre)-B cells and resting mature B cells. 83 Mice deficient for KLF4 in their B-cell populations experienced a defect in B-cell receptor (BCR)-mediated proliferation response because of the inability of KLF4 to bind to the cyclin D2 promoter and regulate its expression. 83 In addition to the defects in proliferation, Klaewsongkram et al found that B cell-specific, KLF4-deficient mice possessed a modest decrease in the number of pre-B cells in bone marrow and mature B cells in the spleen but had no change in number of progenitor (pro)-B cells in the bone marrow. 83 However, in contrast to the findings observed by Klaewsongkram et al, 83 another group using a similar B cell-specific KLF4-deficient mouse model found no differences in B-cell development, function, or activation. 84 The discrepancies between these 2 antithetical findings may be the result of differences between genetic backgrounds of the mice, or environmental or experimental conditions, or may indicate a redundant role for KLF4 in maintaining B-cell quiescence. 84 Regardless, overexpression of KLF4 negatively regulates B-cell proliferation. Furthermore, KLF4 was identified as a FOXO1 target gene that was able to induce G 1 cell-cycle arrest in proliferating B-cell blasts. 84 In addition to KLF4, KLF2 plays a role in B-cell development. A genome-wide expression profiling in pro-B cells from a Rag-2 deficient mouse, where the expression of pre-BCR as well as pre-BCR-mediated clonal expansion can be controlled, identified KLF2 and its target S1P 1 to be important in pre-B cell clonal expansion and migration. Both KLF2 and S1P 1 were strongly expressed after pre-BCR induction, and the highest expression levels were observed in freshly isolated primary small resting pre-B cells. 85 KLFs are also important in secondary antibody responses. A study by Good and Tangye 81 showed that memory B cells, which are rapidly activated during secondary responses (for review, see McHeyzer-Williams and McHeyzer-Williams 78 ), express low levels of KLF4 and KLF9 compared with naive B cells. 81 Overexpression of KLF4 or KLF9 reduced the number of B cells being recruited into division and delayed their entry into division. 81 In addition, overexpression of either KLF4 or KLF9 converted memory B cells into cells with a "naive" B-cell phenotype, an effect consistent with lower expression levels of these KLFs in memory B cells compared with naive B cells. 81 The mechanism of the regulation of B-cell number through KLF4 and KLF9 is not clear but is thought to be independent of p21 CIP in this model system. Because cyclin D1 is activated by NF-B and KLF4 can repress cyclin D1 expression in other cell types, 62 one possibility is that KLF4 and/or KLF9 may interact with NF-B downstream of CD40 and BCR signaling to regulate B-cell proliferation. 81 Another KLF family member that may participate in secondary antibody responses is KLF2. KLF2 is expressed at higher levels in memory B cells, compared with their germinal center precursors, and may be important in memory B-cell differentiation. Unlike KLF4 and KLF9, overexpression of KLF2 does not decrease the proliferative capacity of the memory B cells but rather increases the survival of anti-IgM and anti-CD40-stimulated B cells. 82 In contrast, overexpression of KLF3 or KLF9 had no effect on antigen receptor and CD40-engaged B cells. Collectively, these studies implicate KLF2 as part of a transcriptional program in memory B cells that allows them to survive at higher frequencies and to respond to antigenic reexposure, effects important to the acquisition of lifelong resistance to pathogens. 82 KLF2 is also expressed in high levels in blood ASCs, a finding that raises the possibility that KLF2, through S1P 1 , may regulate plasma cell homing and determine whether IgG ASCs leave the spleen and accumulate in the bone marrow. 86 In addition to their role in the development and differentiation of normal B cells, KLFs are also implicated in B-cell malignancies. For example, Kharas et al identified KLF4 as a tumor suppressor gene in B-cell malignancies. 87 It has been found to be expressed at low levels in several types of human B-cell lymphomas, B-cell lines transformed by ABL oncogenes, and leukemias; furthermore, overexpression of KLF4 can inhibit proliferation and induce apoptosis. 87 It has been postulated that the mechanism of this regulation occurs through increasing the expression of p21 CIP and decreasing the expression of c-Myc and cyclin D2. Furthermore, in vivo leukemogenesis studies showed that KLF4 can block transformation of pre-B cells by BCR-ABL. 87 Finally, treatment with the Figure 4 . Role of KLFs in B-cell differentiation and activation. In response to activation of the BCR, FOXO transcription factors target KLF4 which, on overexpression, inhibits B-cell proliferation and promotes G1 cell-growth arrest. Conversely, B cell-specific, KLF4-deficient mice have displayed modest differentiation defects of pre-B cells in bone marrow and mature B cells in spleen; however, no differences were observed in these types of B cells using a similar conditional knockout model. 84 KLF4 or KLF9 overexpression reduces the number of proliferating memory B cells, and their behavior resembles that of naive B cells. In contrast, KLF2 increases the survival of anti-IgM and anti-CD40-stimulated memory B cells.
tyrosine kinase inhibitor imatinib to KLF4 overexpressing, BCR-ABL-transformed pro/pre-B cells generated an additive effect on cell death, suggesting that imatinib-and KLF4-mediated apoptosis can occur in parallel or by nonredundant pathways. 87 Future studies are required to clarify the relative transcriptional hierarchy of KLFs in relation to other critical nodal factors that regulate key aspects of normal and aberrant B-cell differentiation and function.
In conclusion, the studies discussed here reveal that KLFs can have profound effects on cell fate decisions, differentiation, and function in several leukocyte subsets in vitro and in vivo. As such, these observations bear relevancy for leukocyte development and dysfunction in both health and disease and provide the rationale for using KLFs as potential therapeutic targets. Nonetheless, a number of critical issues remain. For example, within a given leukocyte cell type, multiple KLFs may be expressed yet they may function quite differently despite binding to similar CACCC sites in the promoter region of target genes. This raises several intriguing possibilities that may dominate the KLF mechanism of action: (1) accessibility to a KLF DNA-binding site may be governed as much by the adjacent flanking sequence and neighboring DNA-binding sites of a promoter as the expression levels of the KLF within the cell; (2) the presence of KLF interacting proteins (including other KLF family members) in a cell may switch the function of a KLF from a positive to a negative regulator; (3) chromatin remodeling or post-translational modifications of leukocyte KLFs may provide another layer of gene regulation (eg, Oishi et al identified that on "deSUMOylation" of KLF5, it is converted from a repressor to a transcriptional activator of energy metabolism 88 ); and (4) the temporal expression pattern of KLFs in response to various cytokines, growth factors, or stages of differentiation may influence the functional response in a given leukocyte subset or tissue, an effect that may either promote, inhibit, or sustain a specific stimulus or signaling pathway. In addition, correlating and contrasting KLF structure-function relationships in leukocyte biology may enable an improved understanding of their physiologic and pathologic functions. The roles of KLFs in other leukocyte subsets, such as dendritic cells, may shed light on the induction of effective antigen-specific immunity to pathogens. Further insights into the function of leukocyte KLFs and their target genes will reveal new mechanisms that will explain how these factors control leukocyte development, growth, and activation and might ultimately be manipulated to treat disorders, such as acute and chronic inflammation, autoimmunity, or leukemia.
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